Much attention has been paid to nitric oxide (NO) research since its discovery as a physiological mediator in the cardiovascular system. In recent years, newer roles have been attributed to this molecule and its close relatives, termed collectively reactive nitrogen species (RNS). These roles relate to different mechanisms of protein modification, among which S-nitrosylation of cysteines has emerged as a potential new paradigm in signal transduction and regulation of protein function. We review here the chemical basis of this modification compared with other protein modifications related to nitric oxide, as well as the kind of specificity we can expect from it. We also review the current methodologies that can be applied to the study of S-nitrosylation and identification of S-nitrosylated proteins in cells, and detail the relevance of this modification in several proteins related to cardiovascular system.
Introduction
Since the discovery of nitric oxide (NO) as a physiological mediator in the early 1980s, research devoted to the biological role of this molecule has evolved spectacularly, both in its intensity and extent. While the roles of NO as a modulator of vascular tone, neurotransmission and an effector in some immune responses are widely recognized, newer and attractive roles have emerged over the past 10 years. These relate to the capacity of NO to interact with and modify a wide variety of other molecules: free radicals such as the superoxide anion, key redox regulators such as glutathione, and macromolecules (DNA and proteins). This lends a basis for NO to regulate crucial processes within the cell such as the response to redox perturbations, protein function, and gene expression through non-enzymatic modifications. S-nitrosylation of proteins is one potential mechanism underlying these events that has attracted increasing interest in recent years. In the first part of this review, we briefly describe the chemical basis of the interaction of NO with heme groups, thiol groups and other radicals before discussing the specificity of these processes and describe the spatio-temporal conditions which might lead to S-nitrosylation within cells. In the subsequent sections, the currently available methodologies for the study of S-nitrosylation are reviewed, and examples of S-nitrosylation are examined in detail, with special focus on characterized in vivo examples and on proteins related to the cardiovascular system.
The chemical basis of NO -protein interactions
Nitric oxide can modify proteins via different chemical processes. These either involve direct interaction with the protein by NO itself, or the prior production of ''reactive nitrogen species'' (RNS), formed as a result of the interaction of NO with other radicals and oxygen. The most wellknown direct modification is the formation of complex (or coordinating) bonds between NO and transition metal ions within heme groups, this being the basis for the activation of soluble guanylate cyclase [1] . Other examples of NO interactions with heme groups include cytochrome P450 [2] and haemoglobin [3] . NO can also bind to non-heme iron proteins [4] and other transition metals. In the case of cytochrome c oxidase (complex IV of the mitochondrial respiratory chain), which contains two hemes and two copper centres, NO and oxygen compete for the binding to the active centres, but the exact mechanism of enzyme inhibition by NO is still under discussion [5, 6] .
Incorporation of NO moieties by covalent bonding to protein groups is chemically possible in the case of cysteine thiols, tryptophan indols and amines (lysine and N-terminal) [7 -9] , although S-nitrosylation, the formation of the S -NO bond by cysteine thiol nitrosylation, can be considered the most important, because of its higher reactivity, occurrence in physiological conditions and its influence on many protein functions.
The usage of the terms ''nitrosation'' and ''nitrosylation'' needs some clarification. From the chemical point of view, ''nitrosation'' means the addition of a nitroso group, i.e., the NO diatomic group; ''nitrosylation'' means the addition of a nitrosyl group, NO, stressing the concept of the addition of a chemical group that, if it were free, it would be a radical (in analogy to other chemical additions containing the -ylparticle: acetylation, phosphorylation, etc.). The fact is that in the nitric oxide species, both atomic groups are the same, as the radical is in itself relatively stable. Even so, some authors prefer to distinguish the incorporation of the ÁNO radical to a metal by a complex (or coordinating) bond as ''nitrosylation'', and the covalent incorporation of a NO diatomic group to another chemical group (regardless of the reaction mechanism) as ''nitrosation'' (in accordance to the nomenclature, which uses the term ''nitroso'' when defining the names of the resulting compounds). However, the increasing recognition of the functional importance of this post-translational modification, and the widespread inclusion of the particle ''-yl-'' in terms describing other posttranslational modifications (glycosylation, phosphorylation) has led pioneer investigators in the field to make a case for the use of nitrosylation both for thiols and metals [10, 11] . In any case, incorporation to a thiol can be clearly distinguished because of the prefix ''S-'', referring to the incorporation of the NO moiety to a sulfur atom to form the S -NO bond: ''S-nitrosation'' or ''S-nitrosylation''.
It is also important to distinguish nitrosylation/nitrosation from nitration, a term which describes incorporation of a nitro triatomic group ( -NO 2 ) and which, in protein chemistry, is generally used to describe the incorporation of that group at position 3 of the phenolic ring of tyrosine residues. This modification has also been thoroughly studied in recent times, an is clearly related to the formation of peroxynitrite (for reviews, see Refs. [12, 13] ).
It is generally accepted that direct reaction of the ÁNO radical with a thiol does not yield the nitrosothiol [14, 15] , although a mechanism with additional participation of oxygen species has been proposed [16] . Previous reaction of NO with O 2 is considered to be necessary for S-nitrosylation, via formation of higher nitrogen oxides, among which N 2 O 3 is thought to be the quintessential S-nitrosylating species [17, 18] . This reaction of NO and O 2 can be favoured in membrane environments, where NO and O 2 may reach higher concentrations [19] , or even in hydrophobic protein microenvironments [20] . N 2 O 3 can be partially dissociated into [ + ONÁÁNO 2 À ], which favours the reaction of the nitrosonium (NO + ) moiety with the nucleophile sulfur atom. Thus, S-nitrosylation can be better understood considering the transfer of nitrosonium and not of ÁNO. This happens also in the process of transnitrosation, or transfer of the S-nitrosylation between a nitrosothiol and another thiol [21 -23] . This mechanism of protein S-nitrosylation is of biological relevance, especially due to the high concentrations of intracellular low molecular mass thiols like glutathione. Nitrite is also a nitrosylating agent in acidic environments, where it forms nitrous acid, HNO 2 [11, 24] , although its occurrence in physiological systems would be restricted to highly acidic environments.
Formation of nitrosothiols can be favoured in more ionisable cysteines, such as those in which the thiolate anion can be stabilized by acid -base interactions with neighbouring groups, either belonging to adjacent residues in the primary sequence (which is the basis of the consensus sequence proposed by Lipton and Stamler [25] ) or just in the proximity in the three-dimensional structure [26 -28] . Thus, in the context of such an ''acid -base motif'', the pK a of different cysteines in a protein would be an important factor in determining the occurrence of S-nitrosylation. It is important to note that in many instances where S-nitrosylation has been described, the protein cysteines involved are also oxidized, and tend to form disulfide bonds. Also, nitrosylation of thiols can chemically induce the formation of a disulfide bond [21] . Given that the most abundant thiol in the cytoplasm is glutathione, S-nitrosylation is likely to promote S-glutathionylation: the incorporation of glutathione into proteins via mixed disulfide bonds. S-glutathionylation is increasingly recognized as an important posttranslational modification capable of regulating protein function [29 -31] . This kind of reactive environment for cysteines is commonly encountered in the active centres of enzymes, and might favour the alteration of protein function by S-nitrosylation (or by other thiol modifications).
Specificity and spatio-temporal conditions for S-nitrosylation
Many comparisons have been made between S-nitrosylation and phosphorylation as signalling mechanisms in the cell [32, 33] . The important issue here is not whether Snitrosylation is used by the cell as a signalling mechanism, but rather to understand the particular ways in which the cell can use it, and try to delimitate its specificity and cellular functionality.
Although both S-nitrosylation and phosphorylation are covalent modifications of protein residues, the crucial dif-ference is that phosphorylation is enzyme driven, whereas S-nitrosylation is achieved through the non-catalysed chemical modification of a protein residue. Thus, in S-nitrosylation, the reaction specificity does not rely on the recognition of a target structure by an enzyme. Instead it depends solely on the chemical reactivity between the nitrosylating agent and the target. Several factors can be identified as involved in this kind of specificity.
Reactivity of the target protein residue
Analysis of S-nitrosylation in several proteins shows that not all protein cysteines that remain in the free-thiol state become nitrosylated [27, 34, 35] . Finding a common structural (sequence or three-dimensional) motif that might determine this reactivity has not been straightforward. As we have already seen, more ionisable cysteines are among the more nitrosylable, but cysteines in hydrophobic environments may also be candidates for S-nitrosylation. Thus, as the residue environment is what determines its reactivity, chemical specificity does not occur at the molecular (protein) level, but at the ''submolecular'' (atomic) level. Also, as the modification can affect similar groups in different proteins, the concept of ''plurimolecular'' functional specifity has been postulated [36] .
Concentration
While chemical reactivity can be expressed in terms of thermodynamic and kinetic constants, the occurrence of a reaction is determined also by the concentrations of the species involved: in this case, the nitrosylating agent and the protein. This basic chemical concept is usually forgotten when biochemical pathways are described because the enzymatic catalysis diminishes its influence. In the case of S-nitrosylation, where the rate of the chemical reaction is not enzymatically determined, this point can be crucial. It depends on the following facts:
(1) Production of NO and related RNS. NO production is a key step in S-nitrosylation, and originates by a tightly regulated group of enzymes, the nitric oxide synthases (NOS). As NO is not the main nitrosylating agent, formation of other RNS, for example by reaction with O 2 or O 2 À , has to be considered, taking into account that the NOS enzymes can also be responsible for the production of different RNS and ROS, including O 2 À [37, 38] (Fig. 1). (2) Localization. Subcellular compartmentalization can be extremely important in determining local concentrations of biochemical reagents. There is growing evidence that at least some S-nitrosylable proteins are physically associated to eNOS or nNOS (reviewed in Refs. [33,39 -41] ), and that the subcellular compartmentalization of these enzymes is tightly regulated. Using a modified yeast two-hybrid system, a recent report screened protein interactions of procaspase-3 (a known target of S-nitrosylation) and confirmed that this protein interacts with eNOS, nNOS and acid sphingomyelinase inside cells [42] . Localization specificity may not apply to iNOS, as the amounts of NO generated by iNOS are of a higher magnitude, and form part of a non- constitutive response programme related to infection and inflammation [43] .
Stability of the bond
S-nitrosylation is a very labile covalent modification under physiological conditions. As with its synthesis, cleavage of this bond can occur without the help of specific enzymes, although several enzymes have been described which can break at least low mass S-nitrosothiols at a relatively high K M (reviewed in Ref. [39] ). The cleavage reaction might be accelerated by reaction with transition metals [44] , especially copper(I) [24] , or by transnitrosation, among other mechanisms. Some researchers have stressed the potential of denitrosylation as an important intracellular signalling mechanism in its own right, and this area requires further investigation [45, 46] .
Current methodologies for the detection of S-nitrosylation
The major methodological problems in the study of protein S-nitrosylation are the lability of the S -NO bond and the fact that the level of endogenously nitrosylated proteins in the cell can be very low, hampering in vivo detection of individual S-nitrosylated proteins (Fig. 2 ). Thus, although over 100 proteins have been reported to be S-nitrosylated in vitro, very few have been described in their cellular environment [32] . Moreover, artifactual nitrosylation can be produced during manipulation, so S-nitrosylation of a protein should be confirmed by several methods.
There are a number of methods for the ''direct'' detection of the S -NO bond. These are measurement of its characteristic absorbance band at 340 nm (although the sensitivity of this method is low); electrospray ionization mass spectrometry (ESI-MS) [47 -49] (the widely used laser ionization, MALDI, breaks the S -NO bond [50] ); electrochemical detection after liquid chromatography [51] ; and NMR with 15 N [52] . ''Indirect'' chemical methods require cleavage of the S-NO bond and detection of the species formed, NO or nitrite. Ozone chemiluminescence can measure NO released from nitrosothiols by photolytic cleavage [51] , specific reduction with Cu + /cysteine at pH 6 [53] , or reduction with I 2 /I À [54] . Heterolytic cleavage with HgCl 2 produces nitrite, which can be measured by colorimetric or fluorometric methods [55, 56] .
The methods outlined above all provide a measure of the amount of nitrosothiols in a sample. To detect individual S-nitrosylated proteins in cells, prior immunoprecipitation with specific antibodies followed by reduction with Cu + /cysteine or I 2 /I À and chemiluminescence has been used [57, 58] . The sensitivity of this approach is, however, limited by the amount of protein immunoprecipitated. A rabbit antiserum raised against S-nitroso-BSA is commercially available (Calbiochem) and can be used in some immunological applications. Its specifity can be verified by comparison with a sample treated with HgCl 2 in which the nitrosothiols are broken [46] . Successful immunoprecipitation with this antibody followed by detection of individual proteins by immunoblot has been described only recently [59] . The ''biotin switch'' method (see below) has also been used in combination with immunoblot to confirm modification of individual proteins [60] .
The rapid development of proteomics in recent years has made possible the study of the proteomes, the pools of proteins present in cells, under different conditions. A major goal of specialized proteomics is the characterization of subproteomes that undergo specific post-translational modifications. Regarding S-nitrosylation, the study of the ''nitrosylome'' (that pool of proteins which are S-nitrosylated in cells) would identify new targets for this modification. More specifically, this approach could be used to evaluate the feasibility of the signal transduction mechanisms postulated on the basis of in vitro studies. Again, technical difficulties have hampered study in this area, and the only approach which has so far been fruitful is an indirect one, called the ''biotin switch'' method, in which the cysteine-bound NO is replaced by a biotin label [60] . Several chemical steps are required for this conversion, and the method is designed to be sufficiently specific [60] , although it lacks sensitivity [33] . Proteomic identification of S-nitrosylated proteins with the biotin switch method has been achieved in extracts from brain [60] and mesangial cells [61] , and we have applied the method to intact endothelial cells [62] . In all cases, extracts or intact cells were first treated with nitrosylating agents, thus leading to elevated levels of S-nitrosylated proteins. Further efforts will be needed to increase the sensitivity of proteomic methodologies so that they can be applied in more physiological conditions, where S-nitrosylation might be more subtly regulated.
Regulation of protein function by S-nitrosylation
S-nitrosylation has been shown to modify the function of many proteins in vitro (for a list, see Ref. [63] ). In the following section, we describe examples where the phenomenon has been well characterized, and which are all related to the common themes of gene expression regulation or relevance for the cardiovascular system.
P21 Ras
The oncoprotein GTPase p21
Ras is one of the bestcharacterized examples of S-nitrosylation of a protein, and of how this might affect its signalling properties. First, it was described that NO and higher nitrogen oxides (NO x ), activated p21
Ras signalling in cells, and that this protein was implicated in the activation of NF-nB by NO. This study with recombinant p21
Ras showed that this effect was associated with the formation of 1 nitrosothiol per molecule [34] . The modification was confirmed by ESI-MS [47] , and the affected residue mapped to cysteine 118 [48] , which is located in a highly conserved motif (NKXD) implicated in nucleotide binding. Detailed structural studies using NMR have shown that the protein forms that are S-nitrosylated or mutated in the cysteine do not differ from unmodified p21
Ras in their overall structures. The activity of the mutant protein is normal, although it is not influenced by nitric oxide [28, 64] . Recent work has established that stably nitrosylated p21Ras does not differ in activity from the unmodified form, and the activity is altered only during the process of the nitrosylating reaction itself [28] . Thus, further information on the actual role of S-nitrosylated Ras is needed.
NF-jB
This transcription factor is involved in the response to many different stimuli, including oxidative stress, and regulates the expression of a wide variety of genes. These include interleukin 2, NOS2 (iNOS gene), and tumour necrosis factor a, all of which participate in crucial biological pathways such as inflammation and the protection from apoptosis. It has a complex regulation, its release from the inhibitory molecule InB being a key step. This protein is degraded in a highly regulated way, which allows NF-nB to translocate to the nucleus where it can bind to DNA and activate transcription [65] . Although it is activated in situations of oxidative stress, the binding of NF-nB to cis regulatory elements depends on a specific cysteine in the p50 subunit, cysteine 62, being in the reduced state [66, 67] . This cysteine is located in the DNA-binding region, and is surrounded by basic residues which confer a high reactivity to it. It is susceptible to oxidation and formation of disulfide bonds, both with another p50 molecule and with glutathione [66, 68] .
A role for p50 cysteine 62 has been established in the inhibition by S-nitrosothiols of recombinant NF-nB binding to DNA [69] . De la Torre et al. [70, 71] confirmed Snitrosylation of recombinant p50, and calculated its DNA binding kinetics. However, NO can influence the intracellular activity of NF-nB in many ways (reviewed in Refs. [72] ), and against this background the importance of p50 Snitrosylation remains unproven. Only two reports exist confirming the presence of this modification inside cells. Both studies relied on the immunoprecipitation of overexpressed p50 from cells, with detection of the nitrosothiol by photolysis-chemiluminescence in the case of kidney cells [73] , and absorbance at 340 nm in macrophages activated by LPS [74] . There are also reports of inactivation of DNAbinding activity consistent with S-nitrosylation, but the link has not been demonstrated definitively [75, 76] . Interestingly, S-nitrosylation of p50 may be dependent on the cell type [76] .
Hypoxia-inducible factors (HIF)
Hypoxia-inducible factors (HIF) are a family of transcription factors that are activated in response to low oxygen concentrations, and they form part of the PAS superfamily of conditional transcription factors [77] . They are heterodimers of two PAS proteins: a constitutive subunit, called ARNT (''aryl receptor nuclear translocator'') or HIF-h; and a regulatory one called HIF-a. In humans, two a subunits have been described: HIF-1a and HIF-2a, also known as EPAS (''endothelial PAS protein''). Under normoxic conditions, these subunits are specifically hydroxylated at proline and arginine residues, and these modifications promote ubiquitination and degradation, as well as inhibiting the transactivation capacity. Under hypoxic conditions, these hydroxylations are impaired, leading to accumulation of HIF, translocation to the nucleus and restoration of the transactivation capacity. When activated, HIFs induce a number of genes, such as erythropoietin or VEGF, involved in responses to hypoxia.
The effect of NO-related compounds on HIF activation is complex, and is currently an area of active research. A dual role for NO, depending on the cellular O 2 concentration, is now clear. This explains initial observations that NO (as well as CO) inhibited hypoxic activation of HIF [78, 79] while, under normoxic conditions, NO activates HIF activity in different cell lines [80, 81] . The latter mechanism has been explained by NO-mediated inhibition of the Fe 2 + -dependent activity of the prolyl hydroxylases, which leads to accumulation of the HIF-a subunits [82, 83] . In this scenario, NO is acting as an autocrine or paracrine mimicker of hypoxia. The dual effect considered in this way has been thoroughly reviewed recently by Brüne [84] . More recently, it has been found that, during 1% hypoxia, the previously observed competitive inhibition of mitochondrial respiration by added NO increases the availability of O 2 in the cell. Moreover, the effect of NO in HIF-1a stabilization could be mimicked by mitochondrial respiration inhibitors in a ROS-independent manner. This suggests that the availability of O 2 for other enzymatic systems in the cells would be increased by NO's repression of mitochondrial respiration, increasing the activity of the prolyl hydroxylases [85] .
Recent observations suggest that the effect of endogenously produced NO depends on its concentration, and published data in the literature should be interpreted in light of this. When NO is produced at high concentration (>1 AM), it promotes stabilization of HIF-1a, both in normoxia and relative hypoxia (3%), probably by inhibiting the prolyl hydroxylases. However, when NO is produced at low concentrations ( < 400 nM), its effect is only seen in hypoxia, when it impairs HIF-1a in a mitochondria-dependent manner [86] . This is thus an example of how the availability of molecules like O 2 and NO, which can be thought of as chemical mediators or effectors, can be critical for the perception of cellular signals that they affect.
HIF is also subject to regulation by more subtle mechanisms, which can might explain some of the observed effects of NO. Transactivation activity is enhanced by binding to CBP/p300. This binding is also controlled by hydroxylation, in this case of an asparagine residue [87] , and recent reports revealed that the S-nitrosylation of cysteine 800 of HIF-1a favours this interaction [88, 89] . However, these studies rely on the indirect ''biotin switch'' method of detecting S-nitrosylation, which is not reliable for the quantification described. Finally, there might be a divergence in the regulation of the two known human HIF-a subunits. EPAS/HIF-2a bears a cysteine in the DNA binding domain which is substituted by serine in HIF-1a, and which is subject to redox regulation [90] , probably including S-nitrosylation.
Zinc finger transcription factors
The majority of transcription factors include zinc fingers as DNA binding motifs. These are folding motifs that contain a zinc atom bound to four complexing residues, cysteines and histidines, with the cysteines being in the thiolate form. Research published during the last years suggests that these structural motifs that bind DNA could also act as sensors of oxidative or nitrosative stress, triggering integrated programmes of gene regulation by structurally related transcription factors (reviewed in Ref. [91] ). S-nitrosothiols can inhibit the DNA binding activity of the transcription factors Sp1 and EGR-1, and of nuclear receptor superfamily members such as the vitamin D 3 receptor (VDR), the retinoid X receptor (RXR) and the glucocorticoid receptor [92 -94] . This inactivation might result from S-nitrosylation of a thiolate group involved in zinc binding. This would disrupt the structure of the zinc finger, and perhaps lead to other cysteine modifications, such as disulfide formation. It is interesting that these zinc fingers are protected from modification when they are bound to DNA, and the functionality of zinc fingers was restored by treatment with dithiothreitol [92, 93] , which could control the signal response.
One possibility is that an increment of nitrosylating reagents inside cells would reduce transcription driven by zinc finger transcription factors. This has been demonstrated in the case of IL-2 expression in response to IL-1h, which is dependent on Sp1 and EGR-1, and which can be inhibited by S-nitroso-L-cysteine [92] . This phenomenon is seen in reverse in the case of TNF-a expression, where Sp1 acts as a repressor. In this case, its inactivation by NO leads to an enhanced expression of TNF-a [95] .
It is important to consider the general availability of Zn 
Matrix metalloproteinases (MMP)
Matrix metalloproteinases are endopeptidases that are able to degrade extracellular matrix components. In the vascular wall, they are implicated in many physiological and pathological processes that require matrix remodelling, such as arteriosclerosis, angiogenesis, formation of aneurysms, wound healing, and tumour invasion. Acting through cGMP-dependent activation of signalling cascades, NO may have opposite effects on the expression of different MMPs. For example, induction has been reported for MMP-13 in endothelial cells [100, 101] , whereas abrogation of MMP-9 was reported in smooth muscle cells [102 -104] .
Direct activation of MMP-9 activity by S-nitrosylation of the so-called ''cysteine switch'' has been reported [105] . The catalytic activity of MMPs relies on a Zn 2 + atom coordinated to three histidine residues in the MMP catalytic domain. MMPs are secreted in an inactive form as proproteins. These contain a sequence, common to many family members, which includes a cysteine that coordinates to the catalytic Zn 2 + (the ''cysteine switch''), rendering it inactive. Generally, activation of the protein is achieved by proteolytic cleavage of the propeptide by another molecule of the same or a different MMP. S-nitrosylation of the cysteine switch in MMP-9 allows it to dissociate from the metal ion and be active in the uncleaved form [105] . Since other MMPs share the same inhibitory motif, the possibility exists that this might be a general mechanism among MMPs.
Ryanodine receptor
The ryanodine receptor is a Ca 2 + channel that is highly expressed in the sarcoplasmic reticulum of skeletal and cardiac muscle. Initial investigations into the influence of NO were contradictory, with reports showing that NO could both inhibit or activate the channel in both muscle types [106 -108] . The first description of S-nitrosylation of the channel reported that many cysteines are S-nitrosylated (there are about 100 cysteines in each monomer of the functional tetramer, with half of them remaining in the free thiol state), and that this affects the channel activity [109] . Other researchers found that the effect of NO varies depending on several parameters, including the type of NO donor used and even when different S-nitrosothiols were employed [110, 111] . This was supported by subsequent findings that different thiols in the protein react in different ways, but that specific nitrosylation occurs at just one cysteine, under the influence of the O 2 concentration [35, [112] [113] [114] . Recently, the different reactivity of the thiols has been also highlighted when it was shown that S-nitrosoglutathione can exert different functions by promoting S-glutathionylation of cysteine residues different from the one that is S-nitrosylated [115] .
Conclusions and perspectives
S-nitrosylation is a biochemical modification that potentially plays an important, and conceptually novel, regulatory role in signal transduction. The increasing evidence of functional changes resulting from this modification, and the growing number of proteins shown to be S-nitrosylated in vitro support this contention, and confirm this as an attractive area of research. Detailed studies addressing S-nitrosylation in vivo by endogenous NO and RNS are not abundant, but those that are available pave the way for future developments. Complementary approaches combining proteomic studies with the physiological generation of NO, together with studies to unravel the routes of enzymatic regulation will become increasingly feasible as improved methodologies enter the field. Coming years are likely to see the establishment of S-nitrosylation as a new paradigm in the regulation of protein function.
